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LOW-TEMPERATURE  PROPERTIES  IjuD^ 


Additional  data  on  the  properties  of  alloys 
for  cryogenic  applications  have  teen  reported. by 
General  Dynamics/Convair.( D  The  tensile-props? 
data  for  these  alloys  as  sheet  (0.063  to  0.125-incfiS 
thick)  are  summarized  in  Table  1.  The  properties 
data  of  Alloy  718  and  Ti-5Al-2.5Sn  (ELI)  at  -423  F 
reconfirm  earlier  data  for  strength  and  ductility 
of  these  alloys  at  very  low  temperatures.  The  Ti- 
6A1-4V  (ELI)  alloy  has  lower  ductility  and  notch 
toughness  than  the  Tl-5Al-2.5Sn  (ELI)  alloy  at  -423  F. 
Of  the  three  aluminum  alloys  in  Table  1,  the  new 
alloy,  X2021-T8L31 ,  apparently  has  higher  yield 
strength  than  the  2219-T81  and  7039-T64  alloys  and 
exhibits  good  ductility  and  notch  toughness  at 
-423  F.  The  same  report  contains  considerable  data 
from  tests  on  center -notch  and  single-edge-notch 
fracture-toughness  specimens  for  these  alloys  at 
cryogenic  temperatures.  Because  of  the  problems 
associated  with  obtaining  plane-strain  fracture- 
toughness  data  at  very  low  temperatures,  some  of  the 
data  do  not  comply  with  the  usual  requirements  for 
valid  data. 

Tensile  and  fatigue  data  have  been  obtained 
on  four  condldate  liquid-rocket  alloys  at  70  F, 

-320  F,  and  -423  F  (or  -452  F)  in  a  recent  program 
at  the  Lewis  Research  Center.! 2)  Results  of  the  ten¬ 
sile  tests  are  summarized  in  Table  2.  The  yield 
strengths,  ultimate  strengths,  and  notch  strengths 
were  higher  for  these  alloys  at  the  low  temperatures 
than  at  room  temperature,  except  for  the  notch- 
tensile  strength  for  the  cold-rolled  Type  301  stain¬ 
less  steel.  Data  for  fatigue-stxength-to-denslty 
ratios  versus  fatigue  life  are  plotted  for  each  of 
the  four  alloys  (at  70  F,  -320  F,  and  -452  F)  in 
Figure  1.  When  plotted  in  this  way,  the  T1-5A1- 
'.5Sn  alloy  rates  higher  than  the  others  over  cer¬ 
tain  portions  of  the  fatigue-life  range.  The  fatigue 
tests  were  made  by  axial-tension  loading  at  a  cyclic 
stress  ratio  R  of  0.14. 

Results  of  an  extensive  research  program 
to  develop  an  improved  high-strength,  high-toughness, 
and  weldable  aluminum  alloy  for  cryogenic  applica¬ 
tions  have  been  reported  by  Alcoa.' 3)  Nominal  com¬ 
positions  of  the  two  alloys  that  had  the  best  pro- 


pertles  are  as  follows  1 

X2P21 

£2221 

6.3$  Cu 

6.5$  Zn 

0.15$  Cd 

1.8$  Mg 

0.036  Sn 

0.20$  Mn 

0.30$  Mn 

0.12$  Cr 

0.18$  Zr 

0.12$  Zr 

0.10$  V 

0.10$  Cu 

0.036  Ti 

0.04$  Ti 

J.  E.  Campbell  May  10,  1968 


Tensile  properties  for  specimens  from  0.125-inch- 
thick  sheet  for  each  of  these  alloys  are  presented 
in  Table  3.  The  strengths  of  these  alloys  increase 
as  the  testing  temperature  is  reduced  to  -462  F 
while  the  ductility  and  relative  notch  toughness 
(K^=10)  are  not  reduced  for  the  X2021-T81  alloy  at 
the  low  temperatures.  Testing  temperatures  of  -320  F 
and  -452  F  result  in  some  reduction  of  the  notch 
toughness  of  the  X7007-T6E136  alloy.  Resistance  to 
stress  corrosion  of  the  X2021-T81  alloy  is  relatively 
good,  and  this  alloy  has  good  weldability.  The 
X7007-T6E136  alloy  has  relatively  good  stress- 
corrosion  resistance  in  the  longitudinal  and  long- 
transverse  directions,  but  is  susceptible  to  stress- 
corrosion  cracking  in  the  short-transverse  direction 
at  stress  levels  as  low  as  25  percent  of  the  yield 
strength.  Weld  tensile  strengths  are  high  for  the 
X7007-T6E136  alloy  and  approach  60  ksi. 

FRACTURE-TOUGHNESS  TESTING 

Even  though  the  single-edge-notch  specimen 
has  not  been  adopted  as  a  standard-type  specimen  for 
fracture-toughness  testing,  significant  data  have 
been  reported  by  the  Naval  Research  Laboratory  for 
a  rt-mber  of  alloys  for  which  this  type  of  spec'">en 
was  used.14)  The  data  are  summarized  in  Table  4. 

The  intent  of  the  program  was  to  evaluate  the  effect 
of  shallow  side  grooves  on  the  KIc  values  obtained 
for  single-edge-notch  specimens.  The  side  grooves 
tended  to  suppress  the  shear  lip  formation  on  frac¬ 
turing  and  thereby  aided  in  the  detection  of  plane- 
strain  fracture  Initiation  (pop-in).  The  data  in 
Table  4  represent  Kjc  values  for  a  number  of  materials 
that  are  used  at  high-strength  levels.  The  speci¬ 
mens  were  1-inch  thick,  5-inches  wide,  and  13-inches 
long. 

In  a  recent  report  from  Boeing,  information 
on  fatigue-crack  propagation,  residual  strength, 
and  fracture  toughness  is  presented  for  center- 
notch  panels  in  sheet  and  plate  thl^knesse.  cf  7079 
aluminum  alloy  in  the  underaged,  peak  aged  (T6), 
and  overaged  conditions.! 5)  the  curves  tor  the  num¬ 
ber  of  fatigue  cycles  for  failure  of  0.63-inch-thick 
panels  based  on  the  ratio  for  initial  applied  stress 
intensity/critical  plane-strain  stress  intensity 
(Kii/Kjj)  are  shown  in  Figure  2.  This  kind  of  in¬ 
formation  is  applicable  in  estimating  the  fatigue 
life  of  cracked  panels  in  service.  The  overaged 
panels  had  longer  lives  than  comparable  panels  that 
were  uideraged  or  peak  aged  (T6).  Fracture-toughness 
data  cn  center-notch  panels  of  8,  12,  and  36-inch 
widths  are  shown  in  Figure  3.  For  each  panel  width, 
the  0.50  and  0.63-inch-thick  panels  appeared  to  be 
thick  enough  to  yield  valid  plane-strain  fracture- 
toughness  data  fox  this  alloy  (36  to  40  ksi  7  in. 
for  longitudinal  panels  with  the  T6  aging  treatment). 
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center  of  the  specimen  had  deflected  to  3  inches  be¬ 
low  the  tops  of  the  three  support  blocks.  The  ex¬ 
tent  and  location  of  cracking  was  observed#  The 
lean  steels  developed  substantially  longer  cracks 
than  the  specimens  of  more  highly  alloyed  steel. 
These  tests  on  welaed  specimens  of  quenched-and-tem- 
pered  steels  are  more  indicative  of  relative  tough¬ 
ness  than  tests  on  the  parent  metal  which  often 
does  not  have  a  well-defined  transition  tenperature. 


UJ  Solution  'trailed  It  1W)  f  1  hr..  Hr  cooled,  aged  It  1330  F  9  hi.  f  urn  see  cooled  to 
1200  F ,  held  it  1200  F  <»  hr.,  Hr  cooled. 

(W  Niil  i  .veiled  it  IJJ6  f  4  nr.,  furnace  cooled. 

(cl  Cold  tolled  60  percent. 

(d)  Notch  specimens  hod  »  >17. 

Additional  data  on  the  fracture  toughness  of 
aluminum  alloys  are  presented  in  the  next  section. 

Two  new  testing  techniques  have  been  developed 
at  the  Naval  Research  Laboratory  for  evaluating  the 
toughness  of  welds  in  quenched-and- tempered  steel 
plate. I Schematic  presentations  of  these  tech¬ 
niques  are  shown  in  Figures  4  and  5.  Charpy  data, 
drop-weight  nil-ductility  temperature  (NDT)  data, 
and  drop-weight  tear-test  data  are  included  for 
the  quenched-and-tempered  steels.  Results  of  the 
nll-ductlllty  temperature  tests  Indicated  that  there 
was  a  substantial  rise  in  the  NDT  when  the  notches 
were  located  at  the  fusion  lines  of  welds  of  "lean- 
analysis"  quenched-and-tempered  steels.  In  per¬ 
forming  the  drop-weight  bulge  tests,  a  6-ton  weight 
was  dropped  from  a  height  of  8  feet  onto  a  soft 
aluminum  tup  located  at  the  center  of  the  test  speci¬ 
men.  Specimens  were  cooled  to  a  temperature  of 
30  F.  Each  specimen  was  subjected  to  repeated  blows 
until  visible  cracking  had  occurred  beyond  the 
brittle  crack  starter.  The  number  of  blows  or  the 
accumulated  energy  to  cause  crack  formation,  the 
length  of  the  fracture,  and  the  amount  of  deforma¬ 
tion  required  to  produce  fracturing  are  Indications 
of  the  relative  toughness  of  the  specimen.  The 
delta-specimen  vests  also  were  conducted  at  30  F. 

Each  specimen  was  continuously  loaded  until  the 


Tensile,  compressive,  shear,  bearing,  frac¬ 
ture  toughness,  and  axial-load  fatigue  properties 
of  143  lots  of  2014,  2024,  6061,  TOTS,  7079,  and 
7178  aluminum-alloy  extrustlons  have  been  reported 
by  Alcoa. V  >  The  range  of  thicknesses  was  0.050  to 
6.500  inch,  and  the  alloys  represented  several  dif¬ 
ferent  tempers.  The  objective  of  the  program  was 
to  obtain  data  for  design  mechanical  properties  tables 
for  use  in  MIL-HDBK-5.  Values  for  tensile  and  com¬ 
pressive  elastic  moduli  are  as  follows! 

Alloy  or  Thickness,  Elastic  Modulus,  psl _ 

Series _ Inches _  Tensile  Comoressive 


2000 

All 

10,800,000 

11,000,000 

6061 

< 

0.499 

9,700,000 

9,900,000 

6061 

> 

3.000 

10,300,000 

10,600,000 

7000 

All 

10,400,000 

10.7X.000  - 

Computed  design  mechanical  properties  for  7075-T651X 
alloy  extrusions  are  shown  In  Table  5  in  +he  usual 
MIL-HDBK-5  format.  The  values  In  parentheses  are 
differences  from  the  corresponding  properties  in  the 
last  revision  of  the  Handbook.  Similar  tablet  are 
presented  for  the  other  alloys  evaluated  in  the  pro- 
g.em.  Average  Kic  data  representing  fracture  tough¬ 
ness  of  the  above  alloys- (except  6061)  at  determined 
by  the  5  percent  secant  offset  method  are  shown  in 
Table  6. 

Since  the  aluminum  alloys  developed  in  the 
program  and  discussed  in  Reference  3  possets  a  de¬ 
sirable  combination  of  properties,  further  evaluations 
were  conducted  at  Alcoa  to  obtain  the  tensile,  com¬ 
pressive,  shear,  bearing,  bend,  and  fatigue  proper¬ 
ties  as  well  as  data  on  hardness,  tear  reaiatance, 
and  fracture  toughness.U)  For  these  atudies,  the 
alloys  X2021-T81  and  X7007-T6E136  were  produced  In 
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sheet  and  plate  forms.  Tensile  properties  of  these 
alloys  are  presented  In  Table  3.  Average  values  for 
elastic  modulus  are  as  followsi 

Tensile  Compressive 
Modulus.  Modulus. 

■AU2X _ Direction  Psl _ P$1 

X2021-T81  L  10,600,000  10,900,000 

T  10,000,000  11,000,000 


X7007-T6E136  L 
T 


10,400,000  10,600,000 
10,400,000  10,700,000 


Coeipresslve  yield  strengths  are  equal  to  or  greater 
than  the  transverse  tensile  yield  strengths.  Longi¬ 
tudinal  and  transverse  shear  strengths  are  approxi¬ 
mately  60  percent  of  the  transverse  tensile  strength. 
TCw  axial-stress  fatigue  limits  at  5  x  10®  cycles 
(R  =  0.0)  for  unnotched  specimens  are  as  followsi 
Fatloue  Limit.  l«l 
A  Uffl  Sheet  Plate 

X2021-T81  27  26 

X7007-T6E13A  27  33 

Typical  values  for  fracture  toughness  of  these  alloys 
are  as  followsi 

kt 

Ic 


X2021-T81 


X7007-T6E136 


Critical  stress -intensity  factor,  k«. 
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FIGURE  3.  EFFECT  OF  PANEL  THICKNESS  AND  WIDTH  ON 
APPARENT  CRIT 1CAL-STRESS-INTENSITY  FACTORS  FOR 
UNDERAGED,  PEAK-AGED  (T6),  AND  OVERAGED  CENTER- 
NOTCH  PANELS  OF  7079  ALUMINUM  ALLOY(5) 
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TI-6A1-4VU) 
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2219-TBbi 

707VT6 

7075-T7351 

-'07S-T73M 


A 1 5 1  4140  (NRL  heat  treatment) 
9Mi-4.Co-0.2V:  l At  received) 
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63.9 

65.6 


130 

131 
147 
124 
141 
131 
130 


74.3 

75.4 

75.4 

75.5 


196 

191 


25 

17 


109 

91 

99 

79 

121 

no 

131 


33 

27 


165 
196 

166 
143 
136 


90 

110 

110 

124 


•7 

163 

152 

199 

135 

134 

209 

212 


TABLE  6.  FRACTURE  TOUGHNESS  OF  ALIN  lit* 

ALLOYS^) 


Alloy  and 

Taflpar 

Fxactura  T 

ought***, 

/TfV 

Longitudinal 

Transvaraa 

2014-T6510 

30.1 

25.4 

2014-T62 

28.6 

28.0 

JOS4- IB51X 

29.0 

18.2 

7075-T6510 

28.0 

23.6 

7075-162 

— 

23.8 

7075-T73510 

34.2 

26.3 

7079-T6510 

30.9 

29.2 

7079-T62 

36.8 

— 

71 -8-161 10 

21.9 

21.0 

7178-T62 

23.3 

22.6 

(*;  P  ,  F  l  hr,  K,  aged  900  F  2  hr. 

U)  1800  F  1  hr,  *1,  egad  1000  F  2  hr. 

«  c)  1)75  F  I  hr,  aged  1000  T  2  hr. 

v d,  IBOO  F  1  hr,  rj,  eged  1100  F  2  hr. 

(«■)  uu>  F  1  hr,  rj.  aged  1100  F  2  hr. 

If)  t«2'  F  1  hr,  Wj,  eged  900  F  4  hr. 

(g,  MM  -  edge  notch  on  longitudinal  apeclaan. 
i  h,  mn  -  'dge  notch  on  transverse  aptel— 


FATIGUE  TESTING  IN  VACUUM 

Current  results  from  »  program  a+  Martin- 
Marietta  for  evaluating  the  effects  of  a  vacuum 
environment  on  the  fatigue  properties  of  1100  alu¬ 
minum,  7075-T6  aluminum  alloy.  T1-6A1-4 V  alloy,  and 
Armco  iron  have  been  reviewed  in  a  recent  report.'9' 
The  fatigue  data  were  obtained  on  constant-stress 
reverse-bending  tests  for  various  combinations  of 
stress,  frequency,  temperature,  and  air  pressure. 
Typical  curves  for  number  of  cyles  to  failure  at 
different  air-pressure  levels  are  shown  In  Figure  6. 
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FIGURE  5.  DELTA-SPECIMEN  TEST 


(6) 


The  shapes  ot  the  curves  suggest  that  three  different 
ranges  exist  depending  on  the  pressure.  The  points 
P  on  the  curves  represent  threshold  pressures  for 
each  material  and  indicate  the  transition  from  3 
weak -vacuum  effect  to  a  strong-vacuum  effect  on  the 
fatigue  properties.  At  somewhat  lower  pressures, 
there  is  a  third  range  in  which  variations  in  pres¬ 
sure  have  less  effect  on  the  faiigue  life.  For  1100 
aluminum  alloy,  increasing  the  frequency  of  stress¬ 
ing  at  3  x  10-5  torr  decreases  the  fatigue  life 
while  the  fatigue  life  at  atmospheric  pressure  was 
independent  of  the  frequency  from  33  to  95  cps.  At 
elevated  temperatures,  the  effect  of  vacuum  on  the 
fatigue  life  is  diminished  (for  1100  aluminum).  For 
S-N  curves  at  normal  temperatures,  decreasing  the 
air  pressure  tends  to  displace  the  curves  to  the 
right  for  unnotched  and  notched  specimens.  In 
analyzing  crack-nucleation  characteristics  of  the 
above  alloys,  the  author  noted  that  the  first  micro¬ 
cracks  appeared  in  specimens  of  1100  and  7075-T6 
aluminum  at  practically  the  same  number  of  cycles 
under  both  vacuum  and  atmospheric  pressure  condi¬ 
tions  for  the  respective  alloys.  For  specimens  of 
the  T1-6A1-4V  alloy,  however,  mlcrocrack  formation 
was  delayed  by  the  vacuum  environment.  In  deter¬ 
mining  the  effect  of  th  vacuum  environment  on  crack 
propagation,  crack  propagation  was  observed  to  be 
sloamr  in  aluminum  alloy  specimens  when  exposed  to 
the  vacuum  than  when  exposed  to  normal  air  pressure. 
Residual  strengths  of  specimens  precracked  in  a 
vacuum  were  higher  than  for  comparable  specimens 
precracked  in  air.  All  of  these  factors  were  con¬ 
sidered  in  discussing  a  proposed  mechanism  to  ex¬ 
plain  these  conditions.  The  author  concluded  that 
the  effects  of  vacuum  on  the  fatigue  properties  of 
metals  are  probably  the  result  of  "vacuum-induced 
mechanical  changes  in  the  surface  layer  of  a  de¬ 
formed  specimen" . 

Effects  of  a  vacuum  environment  on  the 
fatigue  properties  of  aluminum  alloys  also  have  been 
studied  at  the  Naval  Research  Laboratory.^ 10,11)  Of 
particular  Interest  is  the  data  for  crack  growth  rate, 
in  specimens  of  2024-T3  alloy  in  air  and  at  a  pressure 
of  2  to  3  x  10”5  torr  as  a  function  of  the  stress  in¬ 
tensity  amplitude,  A  Kj.  For  these  specimens  the 
crack  growth  rates  in  air  were  three  times  the  crack 


FIGURE  6.  NUMBER  OF  CYCLES  TO  FAILURE  AS  A  FUNCTION 
OF  AIR  PRESSURE  FOR  SPECIMENS  OF  1100  ALUMINUM, 
7075-T6  ALUMINUM  ALLOY,  T1-6A1-4V  ALLOY,  AND 
ARM 03  IRON!  9) 

growth  rates  in  the  vacuum  environment  for  the  same 
A  Kj.  Effects  of  the  environment  and  other  vari¬ 
ables  are  illustrated  in  stereo  macrographs  and 
electron  fractographs.  Discussions  of  theories  that 
have  been  proposed  to  explain  the  effects  of  a  vacuum 
environment  on  the  fatigue  properties  indicate  that 
there  is  no  agreement  among  investigators  regarding 
the  mechanisms. 
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TABLE  5.  COMPUTED  DESIGN  MECHANICAL  PROPERTIES  OF  7075-T651X 
ALUMINUM  ALLOY  EXTRUSIONS!?) 
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Data  for  4.500-5.000  thicknesses  omitted  in  this  table. 
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